Abstract-Tapered cells are used in the calibration of electric field (E-field) probes. However, the design methodology of tapered cells has not been publicly reported in detail. This paper introduces the structure of a tapered cell and proposes a theoretical model for characteristic impedance calculation. Based on this model and developed design rules, an impedance-matched tapered cell was constructed. The measured characteristic impedances and impedance distribution along the cell show favorable agreement with the design goals, verifying the accuracy of the design methodology. The field distributions were also measured. The results prove that the cell is useful for calibrating E-field probes.
of a section of expanded rectangular coaxial line (main section) and two tapered transition sections (to adapt coaxial connectors) at each end of the cell. The main section and the tapered sections are designed to have a characteristic impedance of 50 Ω along the cell to insure minimum reflections. The main section consists of a rectangular outer conductor and a flat center septum. The probe under test is typically placed at the center of the upper or lower part of the main section during calibration. If the maximum probe dimension is less than one third of the separation between the top (or lower) wall and the center septum, the uncertainty of the field strength less than 1 dB can be obtained [4] . The maximum operating frequency of a TEM cell is limited by the cutoff frequencies of the higher order modes, which are determined by the cell dimensions. For larger cells, the cutoff frequencies are lower. To be used at higher frequencies, the TEM cell must be small, and consequently, the size of the uniform test volume is small. Small TEM cells are only applicable to small devices, such as specific absorption rate (SAR) probes. Therefore, for frequencies higher than a few hundred megahertz, anechoic chambers with standard transmitting antennas are commonly used to generate uniform standard fields. At a point on the axis (boresight) of the transmitting antenna, the E-field strength can be accurately calculated with the distance from the transmitting antenna to the point, the net input power to the transmitting antenna, and the gain of the transmitting antenna. With a series of standard antennas (such as rectangular pyramidal horns), the usable frequency range from 450 MHz to 40 GHz is reported [3] . The measurement uncertainty less than 1 dB can be also obtained with an anechoic chamber calibration system [5] . The anechoic chamber is large; therefore, it can provide a large test volume. However, it requires a large amount of space due to its size. The construction and the subsequent maintenance of an anechoic chamber are also expensive. In addition, expensive highpower RF amplifiers are usually required to generate high-level E-fields. Comparing the two facilities, TEM cells are relatively inexpensive but only suitable for lower frequencies; anechoic chambers provide calibrations over broadband frequencies and have a larger test volume, but are much more expensive.
Another standard field-generating facility is the gigahertz transverse electromagnetic (GTEM) cell. Basically, the GTEM cell is a tapered asymmetrical rectangular coaxial transmission line terminated with resistors and absorbers. The GTEM cell is much larger than TEM cells and can provide a larger test volume. The usable frequency range of the GTEM cell is from 9 kHz to 1 GHz. Generally, the calibration method with transfer standard is applied to reduce the measurement uncertainty. Measurement uncertainty of less than 1 dB is reported [6] .
0018-9456/$31.00 © 2013 IEEE However, the GTEM cell is also large in size and much more expensive than TEM cells. Furthermore, the frequency range cannot cover all frequencies for mobile communications, which significantly reduces it availability.
In contrast, tapered cells can be used as field generators over the most commonly used frequencies, including the bands used for mobile communications [7] . In addition, tapered cells also have the advantages that TEM cells have, including a lower construction cost (comparable to TEM cells), a smaller space requirement, and less required RF power. In our experience, calibrating E-field probes with a tapered cell is rather convenient, and the measurement uncertainty (by using a transfer standard) of less than 1 dB is also achievable.
To our knowledge, the tapered cell was invented by the National Physical Laboratory (NPL, U.K.), and one tapered cell has been used as calibration equipment in NPL for many years [8] . However, the design methodology of tapered cells has not been publicly reported in detail. This paper first introduces the structure of a tapered cell and then provides a theoretical model for characteristic impedance calculation. In addition, design rules to obtain constant characteristic impedance along the cell are described. Based on the proposed model and design rules, this study constructed a tapered cell with a usable frequency range from 200 MHz to 2.5 GHz. Three center septa with differing dimensions were fabricated to provide various cell impedances for verifying the theoretical model. The characteristic impedances at six cross sections and the distribution along the cell were measured using a time-domain reflectometer (TDR). The results show favorable agreement with the calculated results. E-field distributions were also investigated with two orthogonal dipole sensors.
II. STRUCTURE OF TAPERED CELLS
The tapered cell constructed in our laboratory is shown in Fig. 1 (left panel) . On the top of the cell, an adaptor is used to adapt the coaxial connector to the rectangular cell body. The cell body of the tapered cell is similar to the tapered section of TEM cells. However, one side of the outer conductor is removed to allow the placement of the probe under test. The end of the center septum is electrically connected to the bottom ground plane (outer conductor). Absorbers are placed on the bottom to reduce the reflection from the bottom. The performance of the absorbers may influence the usable frequency range. Tapered cells radiate RF energy to their surroundings, which can be hazardous to operators and may cause interference to nearby instruments. To prevent this, in our laboratory, two movable racks mounted with absorbers are placed in front of the open side of the cell during operation.
A probe calibration applying laser alignment is shown in Fig. 1 (right panel). Easier probe positioning is also an advantage of tapered cells. Fig. 2 shows the metal structure of the cell in detail. The cell body consists of an outer conductor (three metal walls and bottom) and a center septum. Four adjustable supports are used to level the cell. The adaptor is a type-N connector followed by an expanded transition section and can be screwed to the cell body. The extended part of the center pin is slotted to allow insertion of the center septum. The output port of the adaptor is coaxial; however, the input port of the cell body is rectangular. Therefore, reflection at the joint plane is nearly unavoidable, although this can be reduced to an acceptable level through careful design.
To ensure easier design and fabrication, the cross section of the cell is square, and the center septum is fixed at the center to make the cell symmetric. The key dimensional parameters in the fabrication process are the dimensions at the top and bottom of the cell: b 0 , w 0 , t 0 , b b , w b , and t b . The expanding angles shown in Fig. 3 determine the dimensions of the cell and the characteristic impedance distribution along the cell. Section III discusses how to obtain constant impedance by selecting specific angles. 
III. CHARACTERISTIC IMPEDANCE MODEL
For a lossless uniform two-wire transmission line, the characteristic impedance of this type of line for TEM waves is given by [9] , [10] 
where μ 0 and ε 0 are the free-space permeability and permittivity, respectively, and C is the capacitance per unit length of the transmission line (F/m). The characteristic impedance of the line is mainly controlled by C because μ 0 and ε 0 are constant. Although the body section of the tapered cell is not uniform, it can be considered as a cascade of very short (infinitesimal) uniform two-wire transmission lines. Each short uniform line can use (1) to design its characteristic impedance. If the dimensions of every short uniform line are chosen to have a characteristic impedance of 50 Ω, the reflections due to the mismatch between adjacent short uniform lines can be minimized. In other words, if the characteristic impedance of every cross section of a tapered cell is designed to be 50 Ω by using (1), then the reflections in the cell can be minimized. This is one of the design goals of this study. Fig. 4 shows an arbitrary cross-sectional view of the tapered cell. To the best of our knowledge, no model is available for calculating the characteristic impedance of this type of structure. If the structure is divided into upper and lower sections, it is observed that the upper section is a part of a rectangular line and the lower section is a part of a shielded strip transmission line, respectively. Thus, to simplify analysis, we properly divided the capacitance between the outer and center conductors into nine partial capacitances [11] , as shown in Fig. 4 . The total capacitance C can be written as the sum of all partial capacitances, i.e.,
Fringe capacitances C f 1 and C f 2 can be obtained from a rectangular line model [10] , i.e.,
whereas fringe capacitance C f 3 can be calculated using a shielded strip line formula [12] , i.e.,
The usable condition of (5) is when w/(b − t) >= 0.35. This is because as the width of the center septum (w) decreases, the fringe fields on both sides of a shielded strip line interact with each other, causing the formula to become inaccurate. However, this should not pose a problem for tapered cells because wide center septa are typically designed to have a large uniform test volume.
IV. CONSTANT CHARACTERISTIC IMPEDANCE DESIGN
Using (1)-(5) from Section III (hereafter referred to as the impedance model), we can calculate the characteristic impedance of any selected position (cross section). However, as the tapered cell is expanded, the dimensions vary along the vertical direction. Therefore, if a cell is not properly designed, the characteristic impedance will vary at different positions.
Referring to (1)- (5), we can find that the capacitances depend on the ratios t/b, g/h, t/g, and w/h. Therefore, if the ratios are kept constant, then the capacitances and the characteristic impedance will be constant along the cell. To achieve this result, every cross-sectional dimension has to be proportionally expanded, including the thickness (t) of the center septum. This differs from TEM cells. The thickness of the center septum of a TEM cell is typically constant. This point can be illustrated by comparing the characteristic impedance variations when the center septum is and is not proportionally expanded, as shown in Fig. 5 . The original dimensions of the cross section are set to be b = 4 cm, w = 3.5 cm, and t = 0.2 cm, and are multiplied by figures ranging from 1 to 20 in order to provide different characteristic impedances for comparison. Calculations based on the impedance model and software simulations (with CST Microwave Studio) are both applied. The results show that the characteristic impedances increase when t is constant and nearly keep constant when t is proportionally expanded. For t_constant curves, when the dimensions are large, t is no longer critical; the characteristic impedance is therefore gradually approaching a fixed value. The maximum difference between the two t_constant curves is less than 1 Ω, and the trends are nearly identical. For t_expanded curves, the calculation and simulation results are close to each other and nearly constant as the dimensions expanded. These results also verify the accuracy of the impedance model. Although modern simulation software products can be used in tapered cell design (as we did in the beginning of this study), the impedance model is more effective both in designing and in diagnosing tapered cells. The simulation was used only as a verification tool in this study.
In designing the tapered cell, we first determined the dimensions of the outer conductor and then focused on designing the center septum. For the outer conductor, the height was 236 cm (c h ), and the outer and inner width (excluding the thickness of the outer conductor) at the bottom were 91 and 86 cm (b b ), respectively. Larger cells may have a larger uniform test volume; however, in this study, cell size was limited because of the space available in our laboratory. The width (b 0 ) of the top opening (see Fig. 2 ) was 1.5 cm in our design and was determined by considering how well it matched the adaptor. The expanding angle θ 0 was then calculated as
After the dimensions of the outer conductor were known, we determined the top dimensions w 0 and t 0 of the center septum with the impedance model. However, there are infinite pairs of w 0 and t 0 that can obtain a characteristic impedance of 50 Ω. A larger w 0 is typically preferred because the uniform test volume is larger. However, if the values of w 0 and b 0 are close, small mechanical deviations might cause significant impedance changes. In our design, w 0 of 1.3 cm was chosen, and thereafter, t 0 was calculated to be 0.09 cm.
As mentioned, the dimensional ratios must remain constant to obtain constant characteristic impedance along the cell. There are two methods to achieve this result. The first is to derive a pair of specific expanding angles θ t and θ c that can keep the dimensional ratios constant along the cell. Thereafter, the dimensions of the bottom can be calculated. The second method is the reverse of the first method because it calculates the dimensions of the bottom by applying the ratios of the top and then determines the expanding angles. The first method is described here. The ratio t/b is considered first. At any distance (d) from the top, the ratio must be equal to Following some mathematical manipulations, we have
For w/h, at any distance d, the ratio can be expressed as
Thereafter, the expanding ratio θ c can be derived as
If t/b and w/h are constant, then g/h and t/g must be also constant. The calculated θ t and θ c were 0.62 • and 8.82
• , respectively. Then, the results w b = 74.5 cm and t b = 5.1 cm were calculated. With the dimensions obtained above, we are able to fabricate a tapered cell with constant characteristic impedance. This study fabricated three center septa for verifying the impedance model. The above derived dimensions and angles were for Septum No. 3.
The solid line in Fig. 6 shows the calculated results with the dimensions of Septum No. 3. The characteristic impedance is constant along the cell, as expected. Tapered cells are relatively large. The fabrication of the cells without any dimensional deviation is difficult. In addition, even stress or gravity can slightly alter the cell dimensions. The dotted line in Fig. 6 demonstrates how mechanical tolerance influences the distributed impedance. Dimensions are the same as for the solid line, except w 0 . The top width w 0 is set to be 1.35 cm, allowing a 0.05-cm deviation. We then find that the characteristic impedances undergo notable changes near the top because the deviation is comparable at this section. The influence becomes gradually insignificant as the distance increases.
V. MODEL VERIFICATION AND PERFORMANCE EVALUATION
A tapered cell with the dimensions obtained in Section IV was constructed, as shown in Fig. 1 . Characteristic impedances and field distributions were measured and analyzed as follows. 
A. Characteristic Impedance
Three center septa were fabricated for verifying the impedance model. Replacing the center septum created differing characteristic impedances for the tests. Two arbitrary cross sections were selected when each center septum was configured in the cell.
Measured cross-sectional dimensions were used in the calculations with the impedance model. The measurement uncertainties of the dimensions will cause variations of the calculated results. In this paper, the distribution of the calculated characteristic impedances was obtained by thousands of calculations. For each calculation, the parameters (t, b, g, w) were randomly varied in their possible dimensional range. Two times the standard deviation of the distribution was taken as the estimated calculation uncertainty.
A TDR was used in the characteristic impedance measurement. During the measurement, a precision reference air line (50 ± 0.1 Ω) and a short coaxial cable (just for connection) were connected between the TDR and the tapered cell. The reference air line was used as a standard to calibrate the TDR. Consequently, the measurement uncertainty was significantly reduced. The evaluated expanded uncertainty (coverage factor k = 2) of the measurement is 0.3 Ω. The measured and calculated results and their corresponding uncertainties are listed in Table I . The differences between the measured and calculated results are rather small. The results confirm the accuracy of the impedance model.
In addition, the characteristic impedance distribution along the cell (starting at the mating surface of the adaptor) was measured with the TDR, and the result is shown in Fig. 7 . Center Septum No. 3 was used in the measurement. The characteristic impedance was designed to be 50.4 Ω, which is slightly higher than 50 Ω to allow for a possible loading effect when inserting the probe under test into the cell [4] . The impedances at the adaptor and the section near the top have obvious deviations from the design goal; the causes have been previously explained. However, the values are still good enough for matching. The average characteristic impedance in the 60-235-cm range is 50.8 Ω, which is very close to the designed value. Furthermore, the maximum impedance variation in the range is only 0.7 Ω. These results prove that the design rules are useful.
The reflection coefficients of the cell were measured with an Agilent E5071C vector network analyzer (VNA) calibrated with a one-port calibration technique. The measurement reference plane was at the mating surface of the adaptor. The reflections from the adaptor, cell body, and the absorbers all contribute to the measurement results shown in Fig. 8 . For lower frequencies, reflections are strong because the absorbers are ineffective for this band. If the acceptable criterion is S11 < −10 dB, the usable frequency range is from 150 MHz to 2.8 GHz. However, our requirement is from 200 MHz to 2.5 GHz. Therefore, only this frequency band is used and evaluated. The causes of reflections were also checked using the VNA with a time-domain function. The results indicate that the main reflection comes from the adaptor. The reflection from the bottom (absorbers) is relatively small.
B. Field Distribution
Field distribution and uniformity are affected by the cell structure and the performance of the absorbers. The absorbers are difficult to accurately characterize in practice. Consequently, simulation and theoretical prediction may be inaccurate. Therefore, this study performed direct E-field measurements.
A calibrated E-field probe was used in the E-field measurements. The field strength measurement error caused by probe linearity is less than 1%. The probe consists of two orthogonal dipole sensors, each fabricated on an opposite side of a small PCB. Each dipole sensor is composed of a short dipole antenna (1 cm in length), a diode detector at the dipole feed-point, and a high-resistance line. A 3-D mechanical scanner was used to perform automatic measurement. The probe was supported by a dielectric rod during measurement.
Three areas were scanned, as shown in Fig. 9 . Area 1 and Area 2 are for observing the field distributions, and Area 3 is for calculation of uniformity. The measurement point spacing was 1 cm for x-and y-directions. Area 1 and Area 2 had dimensions of 28 cm × 15 cm. The scanning area was divided into two sections because the maximum traveling distance of our scanner was 28 cm. The size of Area 3 was 10 cm×10 cm. Two additional areas of the same dimensions under Area 3, which was spaced by 5 cm, were also scanned, as shown in Fig. 9 . The measured field strengths of the three scanned squares were used to evaluate the uniformity of a 10 cm×10 cm×10 cm cube. Fig. 10 shows the scanned field distributions (vectors) at 2.5 GHz. The E-field strength was 30 V/m at the center of the cell (same as the center of Area 3). In Area 1, the E-field is nearly horizontally polarized near the center of the cell and gradually becomes vertically polarized at positions near the back wall. The strongest field strength is observed near the edge of the center septum. This is predictable because the gap between the edge and the back wall is relatively small. In Area 2, the E-field is also horizontally polarized near the center of the cell and gradually changes direction at the open side (fringe field). Combining the field distributions of Area 1 and Area 2, we can conclude that the wave is in TEM mode at 2.5 GHz (the highest operating frequency).
Uniformity is one important factor in uncertainty evaluation of probe calibrations and typically depends on the frequency. Therefore, in this study, the uniformity of the specified test volume was measured at every 100-MHz interval, beginning at 200 MHz and ending at 2.5 GHz. The uniformity is defined as two times the standard deviation of the field strength distribution in the test volume. Fig. 11 illustrates the uniformity in Area 3 at 2.5 and 2 GHz. The measured field strength at every measurement point is normalized to the field strength at the center. It is observed that the field is uniform around the center. The strongest field is found at the area closest to the center septum. The calculated field uniformity in the 10 cm × 10 cm × 10 cm cube is approximately ±11% and ±10% at 2.5 and 2 GHz, respectively. If a cube of 5 cm × 5 cm ×5 cm is considered, the uniformity is only ±7% at both 2.5 and 2 GHz. The results of the field distribution and uniformity measurements demonstrate that the cell is useful for the calibration of E-field probes.
VI. CONCLUSION
This paper has introduced the structure of a tapered cell and proposed a design methodology. Based on the developed design rules, a tapered cell was constructed and evaluated. The results demonstrate that the cell is useful for E-field probe calibrations.
Using tapered cells is a convenient method to generate EM fields. The application of tapered cells may be extended to EMC tests or studies on the biological effects of E-fields. This study is useful for the construction of tapered cells and for developing their applications.
